Mammalian mitochondrial ribosomes (mitoribosomes) synthesize mitochondrially encoded membrane proteins that are critical for mitochondrial function. Here we present the complete atomic structure of the porcine 55S mitoribosome at 3.8 angstrom resolution by cryo-electron microscopy and chemical cross-linking/mass spectrometry.The structure of the 28S subunit in the complex was resolved at 3.6 angstrom resolution by focused alignment, which allowed building of a detailed atomic structure including all of its 15 mitoribosomal-specific proteins.The structure reveals the intersubunit contacts in the 55S mitoribosome, the molecular architecture of the mitoribosomal messenger RNA (mRNA) binding channel and its interaction with transfer RNAs, and provides insight into the highly specialized mechanism of mRNA recruitment to the 28S subunit. Furthermore, the structure contributes to a mechanistic understanding of aminoglycoside ototoxicity.
M itochondria are eukaryotic cellular organelles specialized for energy conversion and adenosine triphosphate (ATP) production. Because they originated by endosymbiosis from a-proteobacteria (1), they still contain the machinery required to express the genetic information encoded on their highly reduced genome, including mitochondrial ribosomes (mitoribosomes). Mammalian 55S mitoribosomes, composed of the 28S small and 39S large mitoribosomal subunits (2) , have diverged markedly from their bacterial predecessors by extensive shortening of their ribosomal RNAs (rRNAs) and the acquisition of numerous mitochondrial-specific ribosomal proteins (3) (4) (5) (6) . The initiation of mammalian mitochondrial translation, which involves recruitment of leaderless mRNAs to the 28S subunit and start-codon selection in the absence of Shine-Dalgarno sequences (7, 8) , is poorly understood.
Mitoribosomes are of high medical interest because aminoglycosides, which are used as antibiotics targeting bacterial ribosomes (9) , can also inhibit mitoribosomes, causing severe side effects, such as hearing loss (ototoxicity) (10, 11) in up to 10 to 20% of patients (10) . Furthermore, mitoribosomal mutations play a role in congenital disorders (11, 12) , and up-regulation of mitochondrial translation appears to be associated with the development of cancer (13) .
Structures of the porcine (14) and human (15) mitoribosomal 39S subunits at 3.4 Å resolution provided detailed insight into their architecture and function, including the architectural replacement of the 5S rRNA by a transfer RNA (tRNA) molecule. However, structural information on the mammalian 28S small mitoribosomal subunit is currently limited to fitting of homology models into lower-resolution reconstructions (16) . Here we present the complete structure of the porcine 28S small mitoribosomal subunit at 3.6 Å resolution and an atomic model of the entire 55S mitoribosome in complex with mRNA and tRNAs based on a 3.8 Å cryo-electron microscopic (cryo-EM) reconstruction.
Structure of the mammalian 55S mitoribosome
To determine the structure of the 55S mitoribosome, we used a previously collected cryo-EM data set (14) . We first calculated a map of the 28S subunit at 3.6 Å resolution by focused classification and alignment ( fig. S1, A and B) , which allowed us to build a structure for >99% of the 12S rRNA nucleotides and all 30 proteins of the 28S mitoribosomal subunit (figs. S1, B to H, and S2, A to C, and tables S1 to S3). Two proteins, mS27 and mS39, were modeled as polyserines (table S3) because of lower local resolution (fig.  S1 , C and D). This structure was then combined with our previously determined structure of the 39S mitoribosomal subunit at 3.4 Å resolution (14) to build, refine, and validate a complete atomic model of the 55S mitoribosome (Fig. 1,  A The mammalian 55S mitoribosome has a strikingly different appearance from the bacterial 70S ribosome (5, 17) . The reduced rRNA is limited to the innermost core of the ribosome, whereas numerous proteins cover the surface of the ribosome almost entirely and extend far away from the core.
The structure reveals that in mitochondria, the subunits interact less extensively than in bacteria (Fig. 1, C and D, fig. S4 , and table S5; for nomenclature see the materials and methods) and that many bridges are formed by mitochondrial-specific protein elements ( fig. S4 , G to L, table S5, and supplementary text). The reduction of peripheral contacts in the mitoribosome may lead to increased conformational flexibility of the mitoribosomal subunits, including tilting of the subunits relative to each other (figs. S3, E to G, and S5; and supplementary text).
Interactions of tRNAs with the 55S mitoribosome
The binding sites for the A-site and P-site tRNAs at the subunit interface lack many ribosomal elements that are present in cytosolic ribosomes (14, 15, 17) , which are compensated for by unique structural features of the mammalian mitoribosome (table S6) . The 39S subunit interactions with the highly variable mitochondrial tRNA elbows, which could not be modeled because the mitoribosomes in our sample contain a mixture of all mitochondrial tRNAs, have been weakened by the loss of ribosomal protein uL5 in the P site and bL25 and the A-site finger (rRNA helix H38) in the A site (Fig. 2, A and B) (14, 15) . Additionally, uS13, which binds to the anticodon stem loops (ASLs) in bacterial ribosomes (18) , has been lost from the 28S subunit (Fig. 2 , A and C). A unique structural element of the mammalian mitoribosome, the P-site finger (5, 14) , compensates for some of these missing interactions, as it extends from the central protuberance (CP) of the 39S subunit and is inserted between the A-and P-site tRNAs. The P-site finger seems to play a critical role in the positioning of both tRNAs in the active site, as it binds to the Dstem junction and the T stem of the P-site tRNA and the D stem of the A-site tRNA (Fig. 2, D 
to F).

Structure of the 28S subunit
The structure of the 28S subunit reveals the folds and locations of its 30 ribosomal proteins, 15 of which are specific to mitoribosomes (Fig. 3 , A and B, and fig. S6A ), in agreement with our cross-linking/mass spectrometry data ( fig. S6 , B to D, and table S1).
The 12S rRNA in the 28S subunit is shortened as compared to the bacterial 16S rRNA, due to the absence of a number of large rRNA helices ( fig. S7 ). At the 28S subunit head, the rRNA of the beak is almost entirely missing ( fig. S7 , A to D), whereas the loss of bacterial h12 near the center of the small subunit body has resulted in the formation of a channel through the 28S subunit ( fig. S7F ), which widens into a large cavity below mS22 on the solvent side of the subunit ( fig. S7G ). The distal end of rRNA helix h44 at the subunit interface is partially unwound to position its tip similarly to the tip of h44 in bacteria and in proximity to mS27, even though the mitoribosomal h44 is 18 nucleotides shorter. This unwound segment no longer recognizably forms an A-form RNA helix and appears flexible in our cryo-EM maps ( fig. S2B ).
Three homologs of bS18, previously termed MRPS18A, -B, and -C (19, 20) , localize to three distinct sites in the mammalian mitoribosome ( fig. S8, A and B) , contrary to the initial assumption that all of them occupy a single site in a mutually exclusive fashion (16, 19) . bS18m (MRPS18C) binds to the same site as bacterial bS18, mS40 (MRPS18B) binds to a novel location of the 28S subunit ( fig. S8A ), and mL66 (MRPS18A) binds to the 39S subunit (14, 15) . All three mitochondrial bS18 homologs are zinc-binding proteins, but one of the zinc-coordinating residues is missing in bS18m (MRPS18C) and mL66 (MRPS18A) and is instead provided in trans by uL10m and bS6m, respectively ( fig. S8 , C to G). These unusual interactions where two protein chains coordinate the same zinc ion may have evolved to stabilize the folds of rapidly evolving mitoribosomal proteins and their quaternary interactions.
The mRNA channel
The structure of the 28S subunit reveals the molecular details of the highly remodeled entry and exit regions of the mitoribosomal mRNA channel (Fig. 4A) . The mRNA entry site is surrounded by proteins uS3m, uS5m, mS33, and mS35. An extension of uS5m lines a part of the mRNA entry path and connects the 28S subunit body to the head (Fig. 4B ), thus forming a latch across the mRNA channel entrance. Therefore, during translation initiation, the mRNA may need to be threaded through the opening defined by the 12S rRNA and uS5m, unless the uS5m latch dissociates (Fig. 4B) . A dynamic role of this protein in mRNA binding is supported by a comparison of two reconstructions of particle subclasses, one with and one without bound mRNA and tRNAs ( fig. S1A ), indicating that although the contact points of the latch to the 28S body and head remain intact, the helical part of the extension of uS5m that encircles the mRNA entry path is disordered in the complex devoid of tRNAs but ordered in the complex containing mRNA and tRNAs (Fig. 4, C and D) . The pentatricopeptide repeat (PPR)-containing protein mS39 is located close to the mRNA channel entry (Fig. 4, A and B ) and forms part of the structure previously termed the mRNA gate (5). The remaining difference density, possibly attributable to mRNA, extends toward the PPR domain of mS39 (Fig. 4C ). Consistent with the described role of PPR repeats in single-stranded RNA binding (21) , mS39 may therefore bind and guide mitochondrial mRNAs into the mitoribosomal mRNA channel.
Near the decoding center, where mRNA codontRNA anticodon base pairing is monitored to select cognate tRNAs (22) , density for the mRNA and the well-ordered ASLs of the bound A-and P-site tRNAs can be directly visualized in our cryo-EM map (Fig. 4, E and F) . The conformation of the mRNA in this region is similar to that of bacterial ribosomes ( fig. S9) . Even though the density in our cryo-EM map is an average of all mRNA and tRNA species, the location of base pairs formed between the tRNAs and the mRNA can be directly observed (Fig. 4F) . Our structure indicates that the mechanism of decoding of the 28S subunit is highly conserved, including the interactions of the flipped-out bases A918 and A919, as well as the interactions of base G256 [corresponding to bacterial nucleotides A1492, A1493, and G530, respectively (22) ] with the minor groove of the codon-anticodon helix (Fig. 4G) .
The recognition of leaderless mitochondrial mRNAs (7) by the 28S subunit during initiation does not rely on base pairing with rRNA (23) . Consequently, the exit region of the mitoribosomal mRNA channel has very different features from those of bacteria, and the 12S rRNA lacks the anti-Shine-Dalgarno sequence. The exit of the mitoribosomal mRNA channel is encircled by the conserved proteins uS7m, uS11m, bS18m, and bS21m and the mitochondrial-specific protein mS37 (Fig. 4H) . It has been suggested that respiratory chain failure prevents the formation of two conserved regulatory disulfide bridges in Mrp10, the yeast homolog of mS37 (Fig. 4H) , leading to degradation of the protein and mitochondrial translation shutdown (24) . This suggests that impaired assembly of the mRNA exit channel may play a role in this process.
The guanine nucleotide-binding protein of the 28S subunit
Mammalian mitoribosomes bind guanine nucleotides with high affinity (25) . The protein that confers this activity has been identified as mS29 (also termed DAP3 for death-associated protein 3) (26, 27). Our structure reveals that mS29 forms part of the small subunit head (Figs. 3A and 5A) and interacts with the 12S rRNA, uS7m, uS9m, and mS35 (Fig. 5A) , burying a large surface area of approximately 3400 Å 2 , in addition to its involvement in intersubunit bridge formation with the 39S subunit ( fig. S4G ). The topology of the b sheet in the nucleotide-binding domain (NBD) and the presence of a C-terminal a-helical bundle ( fig. S10A ) indicate that mS29 is structurally related to members of the AAA+ ATPase family (28) . In the mS29 nucleotide-binding pocket, one of two conserved acidic residues in the Walker B motif is replaced by a glycine ( fig. S10C) (28) . This is typical for the NACHT NTPase subfamily of STAND ATPases, which perform a variety of functions, including the regulation of apoptosis in metazoans (29) , and where a preference for guanine over adenine nucleotides also occurs (29) .
In comparison to the AAA+ ATPase core, mS29 contains two sequence insertions that participate in rRNA binding and intersubunit bridge formation, and additionally its N terminus forms a compact a 2 b 2 domain that covers the nucleotidebinding pocket (fig. S10B ). Our density indicates that a nucleotide, likely guanosine diphosphate (GDP), is bound to mS29 in our sample ( fig. S10D) . Because of the close proximity of the mS29 nucleotide-binding pocket to the rRNA-binding interface ( fig. S10C) , the presence of a g phosphate in GTP-bound mS29 might induce conformational rearrangements of rRNA-binding residues that interfere with the binding of mS29 to the 28S subunit. mS29 has been shown to be phosphorylated in vivo (30) . Because the proposed phosphorylation sites map to the region involved in the formation of intersubunit bridges B1b-B1d (Fig. 5B) , mS29 phosphorylation may affect intersubunit bridge formation, which might provide a means of regulating the activity of the mammalian mitoribosome.
Insights into antibiotic binding and human pathologies
Aminoglycosides target the bacterial 30S subunit by binding to a pocket in rRNA helix 44 near the ribosomal A site and the decoding center (9, 31, 32) (Fig. 6A) . Overlaying our structure of the 28S subunit with structures of the bacterial 30S subunit in complex with the aminoglycosides paromomycin (18) and gentamicin (33) reveals that one end of the binding pocket of these aminoglycosides is widened in the 28S subunit because of the presence of the A916-C854 and C917-C853 mismatches (Fig. 6B) , in agreement with sequence analysis (34) . In spite of these structural differences, some aminoglycosides can still bind to the decoding site of the small subunit of the mitoribosome, which can lead to hearing loss (ototoxicity), particularly in patients with the A916G or C854U mutation in the 12S rRNA [A1555G and C1494T in the human mitochondrial genome (34) ], which occurs in roughly 0.2 to 0.3% of the general population (35) . These mutations revert the A916-C854 mismatch found in wild-type mitoribosomes to a bacterial-like state with a Watson-Crick base pair at this position. The aminoglycoside apramycin binds to the 30S subunit in the same region but exhibits lower toxicity toward mitochondrial translation even in the presence of sensitizing mutations (36) . Apramycin is embedded less deeply in the rRNA than are other aminoglycosides (36) , probably making its binding more dependent on the stacking interaction of its bicyclic ring system with the bacterial G1491-C1409 base pair, which is replaced by the C917-C853 mismatch in the mitoribosomal 12S rRNA (Fig. 6B) .
Several mutations in mitoribosomal proteins have been identified in human pathologies. A nonsense mutation in bS16m (MRPS16) that leads to death soon after birth (37) and two point mutations in mS22 (MRPS22) (38, 39) affect the lower body domain of the 28S subunit (Fig. 6, C  and D) , where they may impair its assembly (40) .
The atomic structures presented here pave the way to a mechanistic understanding of human mitochondrial translation and associated pathologies and will also facilitate the rational design of antimicrobials and compounds that block cancer cell proliferation. and EMD-2914. Coordinates of the refined 28S subunit and the 55S mitoribosome in the canonical state have been deposited in the Protein Data Bank (PDB) with PDB codes 5AJ3 (28S) and 5AJ4 (55S). A PyMol script for display of the 55S mitoribosome is available from the Ban Lab website (www.mol.biol.ethz.ch/groups/ban_group/). ETH Zurich has filed a patent application to use the coordinates of the porcine mitoribosome structure for development of compounds that can (i) specifically interfere with mitochondrial translation by binding to mitoribosomes or (ii) specifically inhibit translation in pathogenic organisms without interfering with mitoribosomes. T he observation of "subatomic features" by atomic force microscopy (AFM) (1) in experiments where the front atom of the tip was imaged by the highly localized dangling bonds of the Si(111)-(7x7) surface atoms (2) raised discussions within the community (3). Similar observations were reported later for Si adatoms imaging Si tips (4), CoSm tips (5), and even in scanning tunneling microscopy (STM) (6) . The initial results were obtained at room temperature, where the atomic configuration of the tip changes frequently. The stability offered at liquid helium temperatures allowed to resolve small features in tip images spaced by merely 77 pm (0.77 Å) (7) . Again, the front atom of the tungsten tip was imaged by a sample consisting of light and small atoms (carbon in graphite) (7) . Later, we used CO molecules to establish the COFI technique (carbon monoxide front atom identification) (8, 9) , building on expertise with CO imaging when measuring the forces that act during atomic manipulation (10) . The adsorption geometry of CO molecules on Cu(111) surfaces is critical for the effectiveness of COFI: CO adsorbs perpendicular to Cu(111), with the C atom sitting on top of a Cu surface atom (11) .
However, the purpose of microscopy is to image a sample, not to inspect the tip, so it was important to design well-defined tips with front atoms much smaller than typical metals. Gross et al. created such a sharp and well-defined tip by adsorbing a CO molecule to the metal tip, demonstrating submolecular (12) resolution on pentacene (13) and other molecules by AFM with a resolution that exceeds STM. The CO molecule attaches to the tip with the carbon atom, and the front atom of the tip is an oxygen atom. Tip functionalization by adsorbing a CO molecule on a metal tip had been introduced in STM before (14) , but the dramatic increase in AFM resolution on organic matter was not foreseen and is used widely now-for example, to determine bond order (15) and chemical reaction products (16) . The use of CO-terminated metal tips enabled reversing the experiment (8) and imaging single atoms in various bonding configurations to check whether subatomic resolution (12) is possible on a sample. Here, we first analyze the imaging of single adatoms and then expand to image small clusters.
The contrast for CO tips at small distances arises from Pauli repulsion forces that increase with charge density (17) , similar to the interaction of closed-shell atoms with molecules (18) . Pauli repulsion allows for a descriptive interpretation where the AFM image represents the charge density that is maximal on top of atoms-in contrast to STM, which maps the charge density at the Fermi level. However, the CO molecule bonded to the metal tip easily bends laterally (13, 19) , and artifacts such as lateral distortions, apparent bond lengthening, bond sharpening, and cusplike maxima within aromatic rings must be anticipated [see figure 1 in (15)]. Thus, we first checked the imaging characteristics of CO tips for adatoms using silicon, with its well-known structure.
A CO-terminated tip created AFM images of the Si(111)-(7x7) reconstruction (Fig. 1A) that clearly display the 12 adatoms and even the 6 rest atoms in each unit cell. Adatoms and rest atoms hybridize into four 3sp 3 orbitals, where the orbitals normal to the surface appear as roughly Gaussian protrusions. The calculated charge density of Si(111)-(7x7) (Fig. 1B) is similar to the experimental image in Fig. 1A . Figure 1B shows the charge density of the protruding 3sp 3 orbitals, and Fig. 1C (experimental) and Fig. 1D (calculated) focus on a single Si adatom. The density calculations of Fig. 1 use Slater-type orbitals (STO) (20) , with details for Si in (4) and in (9) for the following metallic adatoms. Figure 1E is an AFM image of a single Cu adatom on a Cu(111) surface. Surprisingly, the Cu adatom does not appear as a single protrusion like the Si adatom in Fig. 1C but shows a toroidal structure. We postulate that the origin of this toroidal shape is in the electronic configuration of the adatom. Figure S1 Fully occupied subshells as well as the 4s electron of a free Cu atom yield a spherically symmetric charge density. However, the Smoluchowski effect (22) leads to a positive charge of protruding
